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Recently, Bi perovskite alloys with PbTiO 3 (PT) have been shown to be promising candidates for new, lead-free or lead-reduced piezoelectrics with improved properties [9] [10] [11] [12] [13] [14] . These studies have also revealed an important and unexpected difference between the classic Pb-based ferroelectric solutions and the new Bi-containing materials. Contrary to the linear dependence on composition mostly observed for Pb-based systems, ferroelectric to paraelectric transition temperatures of all BiBO 3 -PT solid solutions exhibit strongly nonlinear and often nonmonotonic dependence of T C and c=a on composition. For some cases, BiBO 3 substitution results in continuously increasing or decreasing T C and c=a [11, 12] . In others, T C and c=a show an increase for small BiBO 3 fraction (x) and then decrease [11, 13, 14] . These observations are completely inconsistent with the intuitive expectation that the alloy's properties should be a mixture of the two end-members. The microscopic mechanisms behind these effects are currently poorly understood [15, 16] Fig. 1(a) ]. The BiZn 1=2 Ti 1=2 O 3 -PT (BZT-PT) solid solution exhibits a positive curvature parabolic dependence of T C on x, with T C reaching 1000 K at x 0:4, the limit of BZT solubility in PT. This is currently the highest T C observed for any PT solid solution. On the other hand, BiMg 1=2 Zr 1=2 O 3 -PT (BMZ-PT), BiMg 1=2 Ti 1=2 O 3 -PT (BMT-PT) and BiZn 1=2 Zr 1=2 O 3 -PT (BZZ-PT) solid solutions show negative curvature parabolic dependence of T C on x. In the case of BMZ-PT, the initial rise in T C is essentially negligible, while for BMT-PT and BZZ-PT it is more significant. For BMZ-PT, T C decreases rapidly, and at 50:50 composition it is 300 K lower than the T C of PT. BZZ-PT exhibits a nonmonotonic dependence, with an initial rise and a drop in T C for x > 0:15. A similar nonmonotonic trend is observed for BMT-PT as well, but with a much smaller curvature, with T C varying by less than 30 K from x 0 to x 0:5.
First-principles plane-wave pseudopotential [17] [18] [19] ] density functional theory (DFT) [20, 21] calculations were performed using 2 2 2 40-atom supercells with periodic boundary conditions at experimental volume [11, 12] . For the BZZ-PT 50:50 composition, no experimental data are available (due to low solubility of BZZ in PT), so the lattice parameters were extrapolated from BZZ-PT compositions with lower BZZ content. The computational approach is the same as in previous work [22] . We use five different cation arrangements with minimal oxygen over-and underbonding [22 -24] to study x 0:25 and x 0:5 compositions. Data for BZT-PT are taken from our previous study [25] . The polarization [26] and structural data obtained from DFT calculations are presented in Tables I and II. In our examination of the composition-structure relationships in the BiBO 3 -PT family, we focus on the displacement magnitude D M of a cation from its ideal perovskite position. In an ideal perovskite, the center of the oxygen cage and the metal ion are located at the same point and polarization is therefore zero. In the actual, lower-symmetry structure, the displacements of the metal ions (with Born effective charge Z ) away from the center of the oxygen cages generate local polarization and give rise to ferroelectricity.
From a comparison of the P and T C data [ Table I , Fig. 1(b) ] it is clear that relation T C P 2 derived from Landau theory [22, 28] [29] . Examination of Table II shows that displacement magnitudes for all cations depend on composition in a systematic way. Displacements are the largest for compositions with high concentration of Zn and Ti ions and are the smallest for Mg-and Zr-rich systems. This means that A-site and B-site displacements are strongly coupled [4, 30] . Such systematic variation also means that D M values can be predicted from the average crystal chemical characteristics of the solid solution A-and B-sites. Ionic size has long been used to explain properties in perovskites [9, 31] . We have shown that displacement magnitudes of B cations in their O 6 cages are also transferable among PbTiO 3 solid solutions [27] .
To identify and understand cation displacements in complex alloys, we create a model for ferroelectric displacement coupling. We claim that D M , the displacement magnitude (averaged over all the M ions in the alloy) for a particular cation species M, varies in a range around a reference value for that cation, D (Table III) , that each cation species would make in nearly pure PbTiO 3 . The [11, 12] . From the scatter in P values among the DFT supercells, we estimate the error in P values to be 0:02 C=m 2 and 0:06 C=m 2 for x 0:25 and x 0:50 compositions, respectively. T signifies experimentally tetragonal system, and R marks compositions experimentally found to be rhombohedral. P values are in C=m 2 , T C in K. Polarization magnitudes along the (100) direction are presented for all tetragonal compositions. For the rhombohedral BMZ-PT 50:50 system, P magnitude along the (111) direction is shown. deviation
M from the reference displacement will be linearly proportional to ferroelectric environment changes away from that of PbTiO 3 .
We describe the environment that the cations experience in a BiB Fig. 2(a) . We note that the data for x 0:25 and x 0:50 compositions fall into two distinct groups with similar slope b Ti . The 0.5 BiBO 3 data in Fig. 2(a) Fig. 2(b) ]. The correlation is quite good, with all of the data points falling near the y x line. The a M and b M coupling constants are presented in Table III . All the cations, except Zn, are more sensitive to B-site changes than to A-site changes. The coupling constants for the x component of cation distortion are also larger than those for the total displacement.
The linear dependence of the cation displacement on BiB 
In cases where the dependence of Z on ionic displacement is important [32, 33] 
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1=2 O 3 concentration is increased, the quadratic term dominates, leading to a turnover in P and T C behavior with composition, and lower P and T C values at x 0:50.
In conclusion, we have shown that the nonmonotonic T C trends in BiBO 3 -PT solutions arise from the microscopic coupling between A-site and B-site displacements. The relationships between cation distortion and composition can be quantified in terms of average crystal chemical properties of the A and B sites, with the strongest effect given by compositional variation in the D 0 B parameter characterizing the off-centering ability of the B cation.
